In the phaseolotoxin biosynthetic gene cluster of Pseudomonas syringae pv. phaseolicola 1448A, the PSPPH 4299 gene encodes a novel L-amino acid ligase. The PSPPH 4299 protein synthesized various heterodipeptides containing basic amino acids in an ATPdependent manner, and also synthesized alanyl-homoarginine, part of the phaseolotoxin scaffold.
L-Amino acid ligase (EC 6.3.2.28) catalyzes the formation of an -peptide bond from unprotected Lamino acids in an ATP-dependent manner. This enzyme has an ATP-grasp motif that is a signature of the ATP-dependent carboxylate-amine/thiol ligase family. 1) YwfE protein from Bacillus subtilis 168 was reported as the first L-amino acid ligase, and it synthesizes various dipeptides.
2) The ywfE gene is part of the biosynthetic gene cluster of a bacilysin peptide-antibiotic that consists of L-alanine (Ala) and L-anticapsin.
3) Thus the physiological significance of the YwfE protein is its participation in peptide antibiotic biosynthesis. Furthermore, an L-amino acid ligase, YwfE protein, has made it possible to develop a fermentative method for L-alanyl-L-glutamine production, 4) but the variety of dipeptides that are synthesized using L-amino acid ligase is limited due to enzyme substrate specificity, and further investigation is necessary.
Phaseolotoxin [N (N 0 -sulfodiaminophosphinyl)-ornithyl-alanyl-homoarginine] is a peptide phytotoxin produced by Pseudomonas syringae pv. phaseolicola. It consists of a sulfodiaminophosphinyl moiety linked to a tripeptide consisting of L-ornithine (Orn), L-alanine (Ala), and L-homoarginine (HomoArg).
5) The phaseolotoxin biosynthetic gene cluster has been cloned and identified. 6, 7) Furthermore, comparative gene-analysis has been performed, and the function of each protein encoded by a gene in the phaseolotoxin biosynthetic gene cluster has been predicted, 8, 9) but the role of the most of gene products remains unclear. In particular, the enzyme that catalyzes the synthesis of the tripeptide composing phaseolotoxin has not been identified, although the possibility that a non-ribosomal peptide synthetase (NRPS) plays a role in peptide synthesis has been reported. 10) In the present study, we searched for a novel L-amino acid ligase to extend the variety of dipeptides synthesized using L-amino acid ligase. Here we report an L-amino acid ligase encoded by a gene in the phaseolotoxin biosynthetic gene cluster from Pseudomonas syringae pv. phaseolicola 1448A.
Based on the background information described above, we formulated the hypothesis that L-amino acid ligase plays a role in the formation of peptide bonds for phaseolotoxin synthesis. The gene coding for an L-amino acid ligase was searched in the phaseolotoxin biosynthetic gene cluster from P. syringae pv. phaseolicola 1448A (locus tag, PSPPH 4298 to PSPPH 4320; GenBank accession no. CP000058) by Pfam search (http: //pfam.janelia.org/). 11) No NRPS-like genes were detected, but only two hypothetical proteins, PSPPH 4299 and PSPPH 4302, were identified that might catalyze the formation of peptide bonds, because a Pfam search result showed that both proteins possess an ATP-grasp motif (Pfam entry, PF02655). Hence the PSPPH 4299 and PSPPH 4302 genes were selected as candidates for the L-amino acid ligase.
The genes coding for the PSPPH 4299 and PSPPH 4302 proteins were amplified from genomic DNA (ATCC no. BAA-978D) by PCR. The following primers were used: 4299 sense (5
, and 4302 anti (5 0 -AGAGGAGAGTTAGAGCC-TTAGTATGAAAGAGATACACCTAAAGC-3 0 ). Each PCR fragment was ligated into the pET30Xa/LIC vector according to the protocol that came with the pET30Xa/ LIC Vector Kits (Novagen, Darmstadt, Germany). The resulting plasmid was designed to express the gene with an N-terminal His-tag sequence, and was introduced into Escherichia coli BL21(DE3) (Novagen). Recombinant E. coli cells were cultivated in LB medium (10 g/l of bacto tryptone, 5 g/l of yeast extract, and 10 g/l of NaCl) that contained 30 mg/ml of kanamycin (final concentration). To express the target gene, IPTG (isopropyl--D-thiogalactopyranoside, final concentration 0.1 mM) was added, and cultivation was continued at 25 C overnight. The cells were harvested by centrifugation (4;160 Â g, 10 min, 4 C), resuspended in 100 mM Tris-HCl buffer (pH 8.0), and then disrupted by sonication at 4 C. Cellular debris was removed by centrifugation (20;000 Â g, 30 min, 4 C), and the supernatant was purified with a Ni-affinity column, HisTrap HP (GE Healthcare, Buckinghamshire, UK). The protein concentration was determined by the Bradford method, with bovine serum albumin as the standard. To confirm protein availability in soluble form, SDSpolyacrylamide gel electrophoresis was performed. 12) PSPPH 4299 protein was obtained in soluble form, but the PSPPH 4302 protein formed an inclusion body. To obtain the PSPPH 4302 protein in soluble form, we further examined the conditions of gene-expression, other tag sequences promoting protein solubility, and other host strains (data not shown), but we did not obtain the PSPPH 4302 protein in soluble form. Hence only the PSPPH 4299 protein was used to assay L-amino acid ligase activity.
On the basis of the phaseolotoxin scaffold of Orn-AlaHomoArg, we predicted that the PSPPH 4299 protein would catalyze the synthesis of Xaa-Ala or Ala-Xaa peptides (Xaa, arbitrary amino acids). The reaction mixture contained 0.3 mg/ml of PSPPH 4299 protein, 12.5 mM ATP, 12.5 mM MgSO 4 . 7H 2 O, 12.5 mM Lalanine (Ala), and 12.5 mM Xaa in 100 mM Tris-HCl buffer (pH 8.0), and the reaction was performed at 30 C for 20 h. To investigate substrate specificity, the following amino acids were used as Xaa:
, and L-tyrosine (Tyr). To confirm peptide synthesis, the reaction mixtures were analyzed by LC-ESI-MS (HPLC, Agilent 1100 series, Agilent Technologies, Santa Clara, CA; ESI-MS, LCQ Deca, Thermo Scientific, Waltham, MA); and HPLC (L-2000 series, Hitachi High Technologies, Tokyo).
LC-ESI-MS analysis showed that the PSPPH 4299 protein synthesized various hetero-dipeptides, but no homo-dipeptides or tripeptides were detected (Table 1) . It was found that HomoArg was usable as a substrate, which Orn was not. In addition, HPLC analysis showed that the PSPPH 4299 protein synthesized an Ala-Xaa peptide, but no by-products were detected (Table 2 ). Further investigation revealed that (i) ATP and Mg 2þ were essential for peptide synthesis, and that ATP was hydrolyzed to ADP and phosphate; (ii) Ser, Thr, and Gly were also usable as N-terminal substrates, and resulted in the synthesis of hetero-dipeptides containing basic amino acids, e.g., Ser-His, Thr-Arg, and Gly-Lys; (iii) Met was usable as a C-terminal substrate but not as an N-terminal substrate, and Cys might be usable as an N-terminal substrate, but we could not establish whether Cys was present at the N-or the C-terminus due to unavailability of Cys-Xaa and Xaa-Cys peptides; (iv) D-form amino acids were not usable as substrates; and (v) Orn was not ligated to dipeptides such as AlaHomoArg, Ala-Arg, and Ala-Lys. Thus phaseolotoxin- 
The PSPPH 4299 protein synthesized various hetero-dipeptides but no homo-dipeptides. Symbols: +, m/z peak corresponding to hetero-dipeptide detected; À, not detected; n.t., not tested. Where Ala was used as the Xaa substrate, the symbols indicate whether the homo-dipeptide Ala-Ala was detected or not. b The substrate specificity of the YwfE protein is cited from reference 2 for comparative analysis. like tripeptides were not synthesized. We found that the PSPPH 4299 protein synthesized various hetero-dipeptides in an ATP-dependent manner, and that its substrate specificity was narrower than that of the YwfE protein (Table 1) . However, the PSPPH 4299 protein synthesized dipeptides containing basic amino acids that the YwfE protein did not synthesize, and which is the most prominent feature of PSPPH 4299 protein. It is also interesting that the PSPPH 4299 and YwfE proteins had similar substrate specificities, although the amino acid sequence of the PSPPH 4299 protein had 18% identity to that of the YwfE protein. The use of the PSPPH 4299 protein in dipeptide production should extend the variety of dipeptides synthesized using L-amino acid ligase. In addition, the PSPPH 4299 protein does not synthesize any by-products, and which would be an advantage in industrial dipeptide production.
The PSPPH 4299 protein also synthesized AlaHomoArg, part of the phaseolotoxin scaffold, but quantitative analysis showed that enzyme activity towards HomoArg was lower than that towards other basic amino acids (Table 2) . Therefore, HomoArg might not be enzymatically the best substrate for the PSPPH 4299 protein. Proteins homologous to the PSPPH 4299 protein have been identified in the phaseolotoxin biosynthetic gene clusters of other P. syringae pv. phaseolicola, such as NPS3121 and MAFF302282; the identities were over 97%. 8, 9) Since the PSPPH 4299 protein did not synthesize tripeptides, another enzyme is necessary for the synthesis of phaseolotoxin tripeptide. We also chose the PSPPH 4302 protein as a candidate for an L-amino acid ligase due to its possession of an ATP-grasp motif. The amino acid sequence of the PSPPH 4302 protein had 20% identity to that of the PSPPH 4299 protein, and the PSPPH 4302 protein might have different substrate specificity from the PSPPH 4299 protein. Proteins homologous to the PSPPH 4302 protein have also been identified in other phaseolotoxin biosynthetic gene clusters, and the identities were over 98%. Based on our results, we expect that the PSPPH 4302 protein synthesizes tripeptides such as phaseolotoxin.
In conclusion, we found a novel L-amino acid ligase, the PSPPH 4299 protein, which was encoded by a gene in the phaseolotoxin biosynthetic gene cluster from P. syringae pv. phaseolicola 1448A, and our results suggest that L-amino acid ligase plays a physiologically important role in the synthesis of a peptide phytotoxin.
